Structural variation is thought to play a major etiological role in the development of autism spectrum disorders (ASDs), and numerous studies documenting the relevance of copy number variants (CNVs) in ASD have been published since 2006. To determine if large ASD families harbor high-impact CNVs that may have broader impact in the general ASD population, we used the Affymetrix genome-wide human SNP array 6.0 to identify 153 putative autism-specific CNVs present in 55 individuals with ASD from 9 multiplex ASD pedigrees. To evaluate the actual prevalence of these CNVs as well as 185 CNVs reportedly associated with ASD from published studies many of which are insufficiently powered, we designed a custom Illumina array and used it to interrogate these CNVs in 3,000 ASD cases and 6,000 controls. Additional single nucleotide variants (SNVs) on the array identified 25 CNVs that we did not detect in our family studies at the standard SNP array resolution. After molecular validation, our results demonstrated that 15 CNVs identified in high-risk ASD families also were found in two or more ASD cases with odds ratios greater than 2.0, strengthening their support as ASD risk variants. In addition, of the 25 CNVs identified using SNV probes on our custom array, 9 also had odds ratios greater than 2.0, suggesting that these CNVs also are ASD risk variants. Eighteen of the validated CNVs have not been reported previously in individuals with ASD and three have only been observed once. Finally, we confirmed the association of 31 of 185 published ASD-associated CNVs in our dataset with odds ratios greater than 2.0, suggesting they may be of clinical relevance in the evaluation of children with ASDs. Taken together, these data provide strong support for the existence and application of high-impact CNVs in the clinical genetic evaluation of children with ASD.
Introduction
Twin studies [1] [2] [3] , (reviewed in [4] ), family studies [5] [6] [7] , and reports of chromosomal aberrations in individuals with ASD (reviewed in [8] ) all have strongly suggested a role for genes in the development of ASD. Although the magnitude of the genetic effect observed in ASD varies from study to study, it is clear that genetics plays a significant role.
While a number of genes associated with ASD susceptibility have been observed in multiple studies, variants in a single gene cannot explain more than a small percentage of cases. Indeed, recent estimates suggest that there may be nearly 400 genes or chromosomal regions involved in ASD predisposition [9] [10] [11] [12] .
In the past few years, a number of studies have identified both de novo and inherited structural variants, including CNVs, that are associated with ASD [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . De novo CNVs may explain at least some of the ''missing heritability'' of ASD as understood to date. While it is clear that CNVs play an important role in susceptibility to ASD, it is also clear that the genetic penetrance of many of these CNVs is less than 100%. Although many of the duplications or deletions observed in children with ASD occur as de novo variants, duplications, for example on chromosome 16p11.2, often are inherited from an asymptomatic parent. Moreover, both deletions and duplications encompassing a portion of chromosome 16p11.2 have been associated with ASD [21, [24] [25] [26] and 16p11.2 gains have been associated with ADHD and schizophrenia [24, [27] [28] [29] , indicating that the same genomic region can be involved in multiple developmental conditions. In addition, deletions on chromosome 7q11.23 are known to cause Williams syndrome and duplications of this same region have been observed and are thought to be causal in individuals with ASD [9, 11] . While individuals with Williams syndrome tend to be outgoing and social, individuals with ASD are socially withdrawn, suggesting that deletions and duplications in this region result in individuals on opposite sides of the behavioral spectrum.
Although numerous studies regarding the role of CNVs in ASD have been published in the research literature, the findings of these studies have not been fully utilized for clinical evaluation of children with ASD. This is likely due to the rarity of individual variants, the lack of probe coverage on clinical microarrays that permits detection of smaller variants, and the difficulty in understanding the relevant biology of some variants even when they are significantly associated with ASD. Despite this, published clinical guidelines suggest that microarray-based testing should be the first step in the genetic analysis of children with syndromic and non-syndromic ASD as well as other conditions of childhood development [30] , and there is a wealth of information demonstrating its utility in large samples of children who have undergone such testing [25, 31] .
In this work we describe our efforts to discover high-impact CNVs in high-risk ASD families in Utah and to assess their potential role in unrelated ASD cases. We interrogated these CNVs, as well as CNVs from multiple published sources [18, 32] in a large sample set of ASD cases and controls, to determine more precisely their potential disease relevance. To evaluate carefully these CNVs, we designed a custom Illumina iSelect array containing probes within and flanking CNV regions of interest. We used this custom array to obtain high-quality CNV results on 2,175 children with clinically diagnosed ASD and 5,801 children with normal development following removal of samples that did not meet our stringent quality control parameters. The results of this study identify multiple rare recurrent CNVs from high-risk ASD families that also confer risk in unrelated ASD cases and delineate the prevalence and impact of CNVs reported in the literature in a large case control study of ASDs.
Results

CNV discovery in Utah high risk autism pedigrees
Using CNAM (GoldenHelix Inc.) on Affymetrix Genome-Wide Human SNP array 6.0 data, we identified a total of 153 CNVs in subjects with autism in Utah families that were not found in any of our CEPH/UGRP control samples. This set included 131 novel CNVs and 22 CNVs present in the Autism Chromosomal Rearrangement Database [15] . Thirty-two autism-specific CNVs were detected in multiple (2 or more) autism subjects, and 121 CNVs were detected in only one person among the 55 autism subjects assayed. Of these 153 CNVs, 112 were copy number losses (deletions) and 41 were copy number gains (duplications). The average size of the CNVs from high-risk families was 91 kb. The genomic locations of these CNVs are shown in Table S2 in File S1.
CNV regions on the custom array
To better understand the frequency of the CNVs identified in Utah ASD families in a broader ASD population, we created a custom Illumina iSelect array containing probes covering all 153 of the Utah CNVs described in Table S2 in File S1. CNV coordinates, copy number status, and probe content for each CNV are included. In addition, since the ultimate goal of this work is to understand the frequency and relevance of rare recurrent CNVs in the etiology of ASD, we included probes for 185 autism-associated CNVs identified in the literature [14] [15] [16] 18, 21, 32, 33] (Table S3 in File S1). The probe coverage for each literature CNV also is shown in Table S3 File S1. In total, 7134 probes, all selected from the Illumina 2.5 M array, were used for this study. As part of a separate study we also included 2,799 SNVs detected by nextgeneration sequencing of genes in regions of haplotype sharing among our high-risk ASD families and in published ASD candidate genes in these same individuals. Intensity data for these SNVs were used to identify additional CNVs that were not observed in our Utah high-risk ASD families (Table S4 in File S1) . Following standard data QC steps (see supplemental results) this array was used to characterize which of these 363 CNVs were present in DNA from 2,175 children with autism and 5,801 age, gender, and ethnicity matched controls (Table 1) . These 7976 samples were available for analysis following our strict quality control measures (File S2).
Analysis of CNVs on the iSelect array
The workflow for CNV analysis of the custom array data is shown in Figure 1 . Following quality control analysis, including removal of samples that did not meet laboratory sample quality control measures, samples with excessive CNV calls, samples of uncertain ethnicity, and related samples, our final dataset included 1544 unrelated cases and 5762 unrelated controls. Because of the inherent noisiness of CNV analysis, we used two independent CNV calling algorithms, PennCNV [34] and CNAM (Golden Helix, Inc.), to increase our ability to detect CNVs. We identified 6,086 CNVs in cases and 14,387 CNVs in controls using PennCNV and 3,226 CNVs in cases and 8,234 CNVs in controls using CNAM. 1,537 CNVs from the 2175 cases including those from multiplex families (average 0.70 CNVs per individual) and 3,845 CNVs from the 5801 controls including related controls (average of 0.66 CNVs per individual) were called by both algorithms used for CNV detection.
All CNV regions harboring CNVs shared among subjects were defined from PennCNV calls, CNAM calls and the PennCNV/ CNAM intersecting calls and their significance of association was calculated across the genome (Figure 2 ). Of the 153 CNVs discovered in high-risk ASD families, 139 of them were seen in replication samples evaluated with the custom Illumina iSelect array. Seven of the CNVs not seen in this larger population study had poor probe coverage on the array either due to their small size or their genomic content, while the remainder that were not detected may represent false positive CNVs from our initial discovery work or may be rare CNVs that are private to the families or individuals in which they were identified.
Molecular validation of CNV calls
We used TaqMan copy number assays to confirm the presence of CNVs in our population. A summary of the 195 TaqMan assays used is shown in Table S1 in File S1. Since our goal for this study was to understand the frequencies of these CNVs in a large case/ control population, we chose to validate any CNVs that were likely to have clinical relevance. Our criteria for selection were as follows: 1) any CNV with an odds ratio . = 2.0; 2) any rare CNV seen in at least two cases. We chose these criteria for selecting CNVs to validate because our goal was to translate research CNV findings into potentially clinically useful markers. Since clinical testing of individuals with ASD is only performed on people who are symptomatic, CNVs with odds ratios ,1.0 (CNVs that indicate lower than average risk of ASD) were not chosen for validation. Likewise, since CNVs with odds ratios . = 1 but , = 2 do are not of great diagnostic interest, we chose to validate only CNVs with odds ratios . = 2.0. By using these criteria, we included rare recurrent CNVs that may be etiologically important despite the lack of statistical significance in cases versus controls. For previously published CNVs we considered our custom Illumina iSelect array as an independent test of their validity. We assumed therefore that these CNVs did not require additional testing. Since some of the CNVs from The Children's Hospital of Philadelphia (CHOP) were not included in previous publications [18, 32] , we selected all CHOP CNVs for molecular validation. For CNVs that met our selection criteria we assayed a maximum of six case samples that contained the CNV, giving priority to those samples called both by PennCNV and CNAM. Results of these TaqMan experiments are summarized in Table 2 . Interestingly, many of the most common CNVs detected by the array were not validated by the TaqMan assays. For example, when we tested samples from a statistically significant CNV duplication on chromosome 7q36.1 that was detected only by PennCNV and not by CNAM, all samples tested were shown to have two copies rather than the anticipated three copies, suggesting that in this sample set at least some of the CNV duplications observed are not true positives. Conversely all but one of the CNVs observed on chromosome 15, whether in the Prader-Willi/Angelman syndrome region or located more distally on chromosome 15, were confirmed by TaqMan assays. Results of these validation Figure 1 . Workflow for CNV analysis for samples analyzed on the custom array. The same process was used for both CNAM and PennCNV analyses. All samples used for CNV analysis in this study had to meet the quality control measures described. Only unrelated cases and controls were used for the final statistical analysis. doi:10.1371/journal.pone.0052239.g001 experiments demonstrated that CNVs called both by PennCNV and CNAM were much more likely to be confirmed (97% of tested samples) than CNVs called by either PennCNV alone (24%) or CNAM alone (30%). This observation demonstrates the care that must be taken during the CNV discovery process to insure that only valid calls are selected for further analysis.
False negative results also are possible with our microarray studies. However, the controls that we used for TaqMan assays were selected from our control sample set because they lacked CNV calls for any of the regions being evaluated. In none of these samples did the TaqMan results indicate the presence of any of the CNVs being validated, so no false negative results were detected. These data suggest that false negative results are not a common problem in this study.
CNVs from high-risk Utah families
One hundred thirty-nine of the 153 CNVs identified in highrisk ASD families were observed in case and/or control samples in this large dataset. Of these, 33 were present in two or more cases and had odds ratios greater than 2 and thus were selected for molecular confirmation. Following TaqMan validation, fifteen of the thirty-three CNVs were validated (Table 3) . Of the 15 validated CNVs identified in high-risk families, 4 were shown to be inherited CNVs while three were de novo CNVs in the discovery families. The remainder were of undetermined origin, in most cases due to lack of information for one or both parents. A CNV that was validated in some samples but not in others, for example if a CNV was validated in all calls made by both PennCNV and CNAM but was not validated in all calls made only by one program, was considered to have passed validation if the validated samples yielded an odds ratio greater than 2.0 with at least two cases confirmed by validation.
Notable among these CNVs is a deletion observed near the 59-end of the NRXN1 gene. This deletion, observed in five cases and only in one control, includes at least a portion of the NRXN1-alpha promoter, and extends into the first exon of NLRXN1-a, as shown in the UCSC Genome Browser view [35] (Figure 3 ). CNVs impacting NRXN1 in ASD as well as other neurological conditions have been published by others [15, 32, [36] [37] [38] [39] [40] , so the observation of NRXN1 CNVs both in our high-risk ASD family discovery work and in the large case/control replication study demonstrates our ability to detect biologically relevant CNVs that may also have clinical utility.
Other CNVs of interest included portions of the LINGO2 and STXBP5 genes. Single nucleotide variants in the LINGO2 gene have been associated with essential tremor and with Parkinson's disease, suggesting that the LINGO2 protein may have a neurological function [41] . However, CNVs in this gene have not previously been identified in individuals with ASD. We also observed deletions involving a portion of the STXBP5 gene, an interesting finding based on the potential role of STXBP5 in neurotransmitter release [42, 43] .
CNVs Identified by SNV Probes
Twenty-five additional CNVs shown in Table 3 were discovered using SNVs identified in our high-risk ASD families. The SNVs that detected these twenty-five CNVs (Table S4 , File S1) were identified by exon capture and DNA sequencing in regions of haplotype sharing and in published ASD candidate genes in our high-risk ASD families, and were selected for further study because they might alter the function of the proteins in which they were found (unpublished observations). The 9 validated CNVs derived from SNV intensity data are shown in Table 3 (CNVs not detected in discovery cohort). One of these CNVs, a chromosome 15q duplication, encompasses three duplication CNVs in Table 4 . These three CNVs are thought to be contiguous since TaqMan data confirmed the same samples to be positive for each of them.
Interestingly, duplications involving the GABA receptor gene cluster, as well as many other genes, on chromosome 15q12 were observed in 11 unrelated cases in our study and only in a single control, shown in the UCSC Genome Browser view [35] (Figure 4 ). Contrary to our findings, a recent search for CNVs in GABA pathway genes [44] did not find an enrichment of duplications in this region. Rather, both deletions and duplications were observed at similar frequencies in cases and controls. Table 3 . Validated CNVs discovered using affected children from Utah families. CNVs shown here were selected based on their p value, their case/control odds ratio, or both and were subject to molecular validation. *This CNV is contiguous with the chromosome 15q11.2 CNV described in Table 4 based on TaqMan data.
#
Designates CNVs not previously seen in ASD, based on queries for genes included in or flanking the CNV. doi:10.1371/journal.pone.0052239.t003
Published CNVs
Additional CNVs from the literature and both published and unpublished CNVs identified at CHOP also were observed in our large dataset and met our criteria for potential clinical utility. Of those, 31 high-impact CNVs are shown in Table 4 . All CNVs not previously experimentally validated were validated in this study.
One of the previously unpublished CHOP CNVs is a duplication that encompasses the 39-end RGS20 gene as well as the 39-end of the TCEA1 gene. The RGS gene family encodes proteins that regulate G-protein signaling. These proteins function by increasing the inherent GTPase activity of their target Gproteins, and thus limit the signaling activity of their target Gproteins by keeping them in the inactive, GDP-bound state. RGS20 is expressed throughout the brain (reviewed in [45] ), making it a likely candidate for involvement in neurological development. The TCEA1 gene, which also is partially encompassed by this CNV, is a transcription elongation factor involved in RNA polymerase II transcription. A role for TCEA1 in cell growth regulation has been suggested [46] . This potential role is consistent with the involvement of TCEA1 CNVs in ASD etiology as well.
Pathway analysis
Analysis of 104 genes within or immediately flanking our PCRvalidated CNVs yielded significant association of these genes to previously characterized functional networks. The five most statistically significant networks, along with their statistical scores, are shown in Table 5 . The top ranking functional categories identified in this analysis, along with their P-values, are shown in Table 6 .
As expected for CNVs associated with a neurodevelopmental disorder, a significant number of genes in or adjacent to the CNVs described here are involved in neural function, development and disease (Tables 5-6) . Examples of such genes include: GABRA5, GABRA3, GABRG3, UBE3A, E2F1, PLCB1, PMP22, AADAT, MAPK3, NRXN1, NRG3, DPP10, UQCRC2, USH2A, NECAB3, CNTN4, LINGO2, IL1RAPL1, STXBP5, DOC2A, and SNRPN. Of these genes, E2F1, AADAT, NECAB3, and IL1RAPL1 are not found in the Autism Chromosome Rearrangement Database (http://projects.tcag.ca/autism/), suggesting that they may be novel ASD risk genes.
The novel ASD risk loci identified here have functions that suggest a significant role in brain function and architecture. As such, altering the function of each of these genes as a result of the CNV could impinge on the biochemical pathways that are relevant to ASD etiology.
For example, mutations in IL1RAPL1 have been observed in cases of X-linked intellectual disability [47] , and the encoded protein has been shown to play a role in voltage-gated calcium channel regulation in cultured cells [48] . E2F1 encodes a transcription factor and DNA-binding protein that plays a significant role in regulating cell growth and differentiation, apoptosis and response to DNA damage (reviewed in Biswas and Johnson, 2012 [49] ). Each of these genes thus could have detrimental impacts on normal brain function.
NECAB3 encodes a neuronal protein with two isoforms that regulate the production of beta-amyloid peptide in opposite directions, depending on whether exon 9 of NECAB3 is included in or excluded from the mature mRNA [50] .
AADAT encodes an aminotransferase with multiple functions, one of which leads to the synthesis of kynurenic acid. This pathway has been proposed as a target for potential neuroprotective therapeutics, indicating the potential significance of this finding for ASD etiology (reviewed in Stone et al., 2012 [51] ). The specific roles that any of these genes play in ASD etiology have yet to be determined, but the observed neurological functions of their encoded proteins strongly support a potential role in normal brain function.
Many of these genes also have been implicated in other nervous system disorders, including Huntington's, Parkinson's, and Alzheimer's diseases as well as schizophrenia and epilepsy [41, [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] . One of the features common to this group of disorders, which includes ASD, is synaptic dysfunction. There is a significant overlap in genes, and/or the molecular mechanisms by which these genes give rise to synaptopathies (reviewed in [62] ). We therefore find it notable that many such genes involved in other synaptopathies were found within or flanking the validated CNVs we identified as associated with ASD. In addition to neurogenic genes, validated CNVs were associated with genes with known roles in renal and cardiovascular diseases (Table 6 ). Several syndromic forms of autism, such as DiGeorge Syndrome and Charcot-Marie Tooth Disease are comorbid with renal and cardiovascular disease, and therefore it was not surprising to find that our study identified CNVs containing genes associated with these syndromes and functions, such as CDRT15, and CDH13.
There is mounting evidence, as well, that inflammatory responses are involved with the development and progression of autism (reviewed in [63] ). Maternal immune activation during pregnancy is believed to activate fetal inflammatory responses, in some cases with detrimental effects on neural development in the fetus, leading to autism. This environmental insult could be mediated or enhanced by genomic changes that predispose the fetus to elevated inflammatory responses, so it is significant that a number of genes from our validated CNVs play a role in inflammatory response. Examples of these include CD160, CALCR, and SPN.
Our findings are consistent with other studies that used pathway analysis to characterize the genes contained in ASD risk CNVs, and suggest that many different biological pathways, when disrupted, can lead to features observed in ASD. The wide variety of biological functions identified for these genes also is consistent with estimates of the number of independent genetic variants that may play a role in the etiology of ASD (8-11).
Discussion
We used a custom microarray to characterize the frequency of CNVs identified in high-risk ASD families in a large ASD case/ control population. We also evaluated further the frequency of CNVs discovered in several published studies in our sample cohort to obtain a clearer picture of the potential clinical utility of these CNVs in the genetic evaluation of children with ASD. We used multiple quality control measures to insure that all cases and controls a) had no unexpected familial relationships; b) represented a uniform ethnic group; c) were devoid of uncharacterized whole chromosome anomalies or other genomic abnormalities consistent with syndromic forms of ASD; d) had sufficient power to distinguish risk variants from CNVs with little or no impact on the ASD phenotype; and e) were validated using quantitative PCR even though the custom array used here represented at least a second evaluation for most of them. Parents of ASD cases tested were not available to determine state of inheritance. The validity of our approach was confirmed by our observation of CNVs that had been previously identified as ASD risked markers, including CNVs encompassing parts of the NRXN1 gene. CNVs and point mutations in NRXN1 are thought to play a role in a subset of ASD cases as well as in other neuropsychiatric conditions [15, 32, [36] [37] [38] [39] [40] . The data from our study demonstrate that NRXN1 CNVs also occur in high-risk ASD families. Further, our case/control data provide additional evidence that neurexin-1 plays an important role in unrelated ASD cases. While CNVs near NRXN1 occur in controls as well as in cases, the CVNs observed in our ASD cases typically disrupt a portion of the NRXN1 coding region while CNVs observed in our control population do not.
CNVs from high-risk ASD families
In our high-risk ASD families, we identified both novel and previously observed CNVs containing genes with potential relevance to neuropsychiatric conditions such as ASD. These include CNVs involving LINGO2, the GABR gene cluster on chromosome 15q12 and STXBP5. Each of these CNV regions has an odds ratio greater than 2 and most of the CNVs we identified in high-risk families have a significant p value associating them with the ASD phenotype in this case/control study. Some CNVs, although observed only in ASD cases and not in controls, were too rare even in this large dataset to generate statistically significant results. An example is a deletion involving STXBP5 that was observed two ASD samples and in no controls. A deletion including this gene was previously observed in a patient with an apparent syndromic form of ASD [64] , lending further support to our observation of STXBP5 deletions in ASD cases. These data collectively suggest that CNVs observed in high-risk ASD families also are important contributors to the etiology of ASD in an ASD case/control population. We detected rare duplications involving the GABA receptor gene cluster as well as additional genes in the Prader-Willi/ Angelman syndrome region on chromosome 15 (11/1,544 unrelated cases, 1/5,762 unrelated controls, OR = 40.05). All of these CNVs were confirmed using TaqMan assays spanning the region, and these results strongly suggest a role for duplications on chromosome 15q12 in ASD etiology. Deficiency of GABA A receptors indeed is thought to play an important role in both autism and epilepsy, and duplications have been observed to result in decreased GABR expression through a potential epigenetic mechanism (reviewed in [65] ). Further, differences in the expression of GABRB3 mRNA and protein in the brains of some children with autism have been reported along with loss of biallelic expression of the chromosome 15q GABR genes in some individuals, [66] , suggesting that epigenetic regulation of the chromosome 15 GABR gene cluster could also contribute to ASD etiology. Consistent with many previous findings from family studies, case reports and modest case/control studies (http:// omim.org/entry/608636), our data provide additional support for the involvement of duplications in this region of the genome in ASD. Further, our large population study suggests that these duplications may explain as much as 0.7% of ASD cases.
A recent study searching for CNVs encompassing genes in the GABA pathway, including the chromosome 15 GABR gene cluster, also found CNVs in this region. In contrast to our findings, this study found GABR gene cluster duplications at similar frequencies in both cases and in controls (Table S2 in ref. [44] ). In addition, deletions were more common in this study in both cases and controls, while duplications were more common in our data. The differences between the two studies may lie in the sample population being studied, the uniformity of our sample population, or the technology platform used for CNV discovery (custom Illumina array compared to a custom Agilent array). Previous results have demonstrated maternal inheritance of deletions in this region in children with autism [67] . However, in our family studies we did not observe CNVs involving chromosome 15q12, and our case/control data preclude us from determining the parent of origin.
Interestingly, the CNVs that we observed on chromosome 15q were detected primarily with probes for SNVs identified in the GABR genes. Further, these SNVs were identified in affected individuals from high-risk ASD families. We did not observe CNVs involving this region in our high-risk ASD families. The observation of frequent duplications in our case/control population in the region containing these genes, coupled with the detection of these CNVs using probes for potential detrimental single nucleotide variants, suggests that both SNVs and CNVs involving the GABR genes might be pathogenic.
Literature supported CNVs
In addition to the CVNs identified in our high-risk ASD families, we evaluated further ASD risk CNVs identified in previous studies. Our results (Table 4) clearly demonstrate a role for many of these CNVs in ASD pathogenesis. Consistent with previous results, our data demonstrate in a large ASD population that rare CNVs are likely to play a role in the genetics of ASD, and suggest that these CNVs should be included in the genetic evaluation of children with ASD.
Interestingly, recent publications have identified a recurrent duplication of the Williams syndrome region on chromosome 7q11.23 in children with ASD [9, 11] . We included probes for this region on our custom array, and were not able to identify any 7q11.23 duplications in our datasets. The reason(s) we did not observe any duplications in this region is not obvious; we had adequate probe coverage to have seen such duplications if they were present. Similar to the simplex ASD families used in those published studies, most of our ASD samples also were from reported simplex families, so the lack of observation of these CNVs is unlikely to be due to differences in family structure.
A CNV discovered at CHOP and not previously published includes a portion of the LCE gene cluster on chromosome 1. Deletions in this region have been associated with psoriasis [68, 69] , but no variants in this region have been linked to autism. Focusing solely on individuals of northern and western European ancestry, we observed this CNV deletion in a single case and also a single control. However, when we included samples of nonEuropean or uncertain ancestry, we observed 27 additional case DNA samples that carried this deletion, while only a single additional CNV-positive control was observed. Interestingly, based on SNP genotype results from principal component analysis, all of the cases that were positive for this CNV were of Asian descent. Since our control cohort had few individuals of Asian descent, we suspected that this CNV might be common in the Asian population. Analysis of whole genome data for individuals of non-European ancestry genotyped at the Center for Applied Genomics did not demonstrate common CNVs in either cases or controls in this region in individuals with Asian ancestry. However, a common CNV including LCE3E was observed in individuals with African ancestry (unpublished observations). Further analysis will be necessary to determine if this CNV is an ASD risk variant in either Asian or African populations.
Effect of analysis method on CNV validation
Although some CNVs are described here for the first time, many of the CNVs that we evaluated in this study were described previously. It is interesting to note that individual CNV calls that were made with both of the software packages we used were much more likely to be validated by qPCR than were CNVs called by either program alone. In fact, 97% of the CNVs called by both PennCNV and CNAM validated using TaqMan qPCR assays, while only 24% of the CNVs called by PennCNV alone and 30% of the CNVs called by CNAM alone were validated using the same approach. The concordance between the two analysis methods is informative given that the final sample sets used by the two methods differed substantially. The CNAM analysis used 290 fewer case samples and 575 fewer control samples than the PennCNV analysis. These data clearly demonstrate the value of using multiple software packages to evaluate microarray data for CNV discovery work. Our data are consistent with the rarity of many CNVs detected in DNA from children with ASD, and with the suggestion that there may be hundreds of loci that contribute to the development of ASD [9, 11] . Our data demonstrate that CNVs identified in high-risk ASD families play a role in the etiology of ASD in unrelated cases. Evaluation of these CNVs in the large sample set used in this study provides compelling evidence for extremely rare recurrent CNVs as well as additional common variants in the genetics of ASD. We suggest that the CNVs described here likely have a strong impact on the development of ASD. Given the extensive quality control measures we used to characterize our sample cohort, the frequency at which we observed these CNVs in our cohort, and the molecular validation that we used to verify the calls, these CNVs can be used to increase sensitivity in the genetic evaluation of children with ASD. Further work will help to determine if the CNVs reported here are important for specific clinical subsets of ASD cases.
Materials and Methods
Ethics statement
The research presented here has been approved by the University of Utah Institutional Review Board (IRB) (University of Utah IRB#:6042-96) and the Children's Hospital of Philadelphia IRB (CHOP IRB#: IRB 06-004886). Patients and their families were recruited through the University of Utah Department of Psychiatry or the Children's Hospital of Philadelphia clinic or CHOP outreach clinics. Written informed consent was obtained from the participants or their parents using IRB approved consent forms prior to enrollment in the project. There was no discrimination against individuals or families who chose not to participate in the study. All data were analyzed anonymously and all clinical investigations were conducted according to the principles expressed in the Declaration of Helsinki.
DNA samples
DNA samples from high-risk ASD family members were collected through the University of Utah Department of Psychiatry. Three independent sample cohorts, comprising 3,000 ASD patient samples (72% male), were collected for CNV replication. Of those, 857 samples were from probands recruited and genotyped by the Center for Applied Genomics (CAG) at CHOP from the greater Philadelphia area using a CHOP IRB-approved protocol; 2,143 ASD samples were from the AGRE and the AGP consortium (Rutgers, NJ ASD repository), and genotyped at the CAG center at CHOP (Table 1) . Only samples from affected individuals diagnosed using the Autism Diagnostic InterviewRevised (ADI-R) and the Autism Diagnostic Observation Schedule (ADOS) were used in the study. All control samples were from CHOP and were matched in a 2:1 ratio with the ASD cases.
CNV Discovery in high-risk ASD families
DNA samples were genotyped on the Affymetrix Genome-Wide Human SNP Array 6.0 according to the manufacturer's protocol. Fifty-five autism subjects were chosen from 9 families with multiple affected first-degree relatives. The number of individuals with an autism diagnosis in these families ranged from 3 to 9. Affected individuals were diagnosed using ADI-R and ADOS. Control subjects (N = 439) for the discovery phase of the project were selected from Utah CEPH/Genetics Reference Project (UGRP) families [70] . All microarray experiments were performed on blood DNA samples, except for two of the 55 case samples and three control subjects for which DNA from lymphoblastoid cell lines was used. CNVs were initially detected using the Copy Number Analysis Module (CNAM) of Golden Helix SNP & Variation Suite (SVS) (Golden Helix Inc.). Log ratios were calculated by quantile normalizing the A allele and B allele intensities using the entire population as a reference median for each SNP.
Batch effects in the log ratios were corrected via numeric principle component analysis (PCA) [71] . CNV segmentation analysis was carried out for each individual using the univariate CNAM segmentation procedure of Golden Helix SVS. We used a moving window of 5,000 markers, maximum number of segments per window of 20, minimum segment size 10 markers, and pairwise permutation p-value of 0.001.
iSelect array design
Probes for each CNV to be characterized in this study were selected from the Illumina Omni2.5 array probe set. Probes were selected to be as uniformly spaced across each region and flanking each region as possible (using the hg19 genome build). For each CNV, we included 10 or more probes within the defined CNV region (CNVr) and five probes on each flank (except where not possible due to the telomeric location of a CNVr). Probes for an additional 185 CNVs described in the literature, including 104 identified by CHOP in samples that partially overlap those used in this study, also were included for further CNV validation. We attempted to increase probe coverage for CNVs identified with only a small number of probes. Finally, we included probes for 2,799 putative functional candidate SNVs detected by targeted exome DNA sequencing on 26 representative individuals from 11 ASD families (unpublished data). The genes that we targeted for exome sequencing included all known genes in regions of familial haplotype sharing and linkage as well as additional autism candidate genes. These SNVs, although included in a search for potential ASD point mutations, also were used to identify additional CNVs.
Array processing
We performed high throughput SNP genotyping using the Illumina Infinium TM II BeadChip technology (Illumina, San Diego), at the Center for Applied Genomics at CHOP. Detailed methods for array processing are available in the associated Supplemental Materials.
CNV calling and statistical analysis
CNVs were called using both PennCNV [34] [35] and CNAM (Golden Helix SNP & Variation Suite (SVS), Golden Helix, Inc.). CNV calling using PennCNV was performed as described [32] . For CNAM calls, we chose not to examine whole chromosomes, but rather to analyze each target region separately. Since our array targeted specific regions and did not have probe coverage over much of the genome, it was desirable to avoid calling segments that spanned large regions with no data, and prevent any CNV calls from being influenced by distant data points. To accomplish this, the markers in the data set were grouped into ''pseudochromosomes'', one for each CNVr covered by the array, that were then considered individually in the segmentation algorithm. CNAM was run using the univariate option with no moving window, maximum of 5 segments per pseudochromosome, minimum segment size of 1 marker, and permutation p-value threshold of 0.001. After segmentation, we classified segments as losses, gains, or neutral. Fisher's exact test was used to test for association of copy number loss vs. no loss, and copy number gain vs. no gain. Similar tests were conducted for the X chromosome, stratified by gender. Odds ratios also were calculated as an indicator of potential clinical risk for each CNV.
Laboratory confirmation of CNVs
Array results were confirmed using pre-designed Applied Biosystems TaqMan copy number assays or custom-designed TaqMan copy number assays when necessary (Life Technologies, Inc.). All CNVs with odds ratios greater than 2.0 and present in at least two cases were selected for molecular validation. We did not select CNVs with odds ratios less than 2 for validation since we wanted to validate only those with high potential clinical utility. Six CNVs also were selected for validation because they were adjacent to, but not overlapping, literature CNVs that were covered by probes on the custom array. A maximum of 6 case samples were validated for each CNV. Five negative control samples, selected based on their lack of all of the CNVs under study also were included in each validation assay. A list of all of the TaqMan assays used in this work is found in Table S1 in File S1, and detailed procedures are described in File S2.
Pathway analysis
Analysis of biological pathways encompassing genes found in the CNV regions was performed using the bioinformatics tools DAVID Bioinformatics Resources 6.7 [72, 73] and Ingenuity Pathways Analysis (IPA) (IngenuityH Systems). We performed network and pathway analyses on genes contained within the CNVs or immediately flanking intergenic CNVs that were PCR validated. Pathway analysis details are described in File S2.
Supporting Information
File S1 Supplemental data Tables S1-S4. Table S1 . TaqMan assays used for CNV confirmation. Genomic coordinates and assay names for all TaqMan assays used for CNV confirmation. All coordinates are shown using hg19 coordinates. Table S2 . CNVs identified in Utah ASD families. The chromosomal locations and copy number status of all CNVs identified in Utah ASD families are shown. If CNVs had been observed in previous studies, the references are given below the table. Table S3 . Literature CNVs. Chromosomal coordinates (hg19), source, and probe coverage on the custom Illumina array for each literature CNV characterized in this study. Table S4 . CNVs identified using probes for sequence variants identified in Utah ASD families. Chromosome coordinates, TaqMan validation status, and copy number status for all CNVs identified using probes to sequence variants identified in Utah ASD families are shown. For one CNV the single TaqMan assay that was used failed PCR quality control. (XLSX) File S2 Supplemental methods and results. Supplemental methods. Details regarding sources of DNA samples used, methods for array processing, and sample quality control are described. Supplemental results. Analysis of population stratification using principal component analysis. The only samples used in CNV analyses were those demonstrated to be within the Caucasian group. His analysis included all cases and controls genotyped in this study. (DOCX)
